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Summary
Objective: Recent experimental evidence has suggested that pressure may play an important role in the pathogenesis of arthritic diseases
such as temporomandibular disorders (TMDs), rheumatic diseases and osteoarthritis. This study examines the effects of hydrostatic pressure
(HP) on cytoskeleton and protein production of bone morphogenetic protein-2 (BMP-2), transforming growth factor-beta (TGF-b) and the SRY
HMG box related gene 9 (SOX-9) in synovial ﬁbroblasts (SFs) of rat temporomandibular joint (TMJ).
Methods: SFs derived from rat TMJ were grown to conﬂuence in Dulbecco’s modiﬁed Eagle medium supplemented with 15% fetal calf serum.
The monolayer of SFs was subjected to different HPs (0, 30, 60, and 90 kPa) by an in-house designed pressure chamber for 12 h. Changes of
cell morphology were observed by ﬂuorescent microscope. Production of TGF-b, BMP-2 and SOX-9 was examined by immunocytochemical
assay and western blot.
Results: Compared with the untreated control, the cellular actin conﬁguration of SFs became elongated and more intense F-actin stress ﬁber
staining was observed after HP loading. Exposure of SFs to HP for 12 h resulted in signiﬁcant up-regulation of BMP-2 by 46, 54, and 66% at
30, 60, and 90 kPa, respectively, whilst TGF-b increased by 11, 19, and 28% at 30, 60, and 90 kPa, respectively. HP also induced the increase
of SOX-9 by 72% at 30 kPa and 83% at 60 kPa, but only 54% at 90 kPa.
Conclusions: The obtained data suggest that HP induced the alteration of cytoskeleton and bone-morphogenetic-related proteins’ production
of SFs, which may inﬂuence the pathological condition of TMDs.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction synovial ﬁbroblasts (SFs) was highlighted by the fact thatTemporomandibular disorders (TMDs) are common syn-
dromes in the dental clinic and are characterized by orafacial
pain, joint sounds, and limited mandibular movement. Al-
though the dogma has been that TMD is a ‘non-inﬂammatory’
disease1, there are certain evidences for the involvement of
synovial tissue. Low-grade synovitis with thickening of the
lining layer, increased vascularity and inﬂammatory-cell inﬁl-
tration have been reported in patients with all grades of
TMDs2.
Several studies have demonstrated that the increased
pressure in synovium of the bilaminar zone, chieﬂy caused
by disc displacement, may be contributed to the progres-
sion of chondrogenesis in bilaminar zone and remodeling
in joint3,4. As a physiological factor, the pressure in joint
cavity takes an important role in keeping intra-articular ﬂuid
and maintaining the stability of the joint5. Appropriate joint
loads maintain healthy cartilage whereas overloading alters
the compositional properties of cartilage6,7. The molecular
mechanisms of the chondrogenesis and remodeling in
TMD are poorly understood. Recently, the key role of1Grants: National Natural Science Foundation of China (Grant
No. 30471900).
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41these cells participate in chondrogenesis8,9.
The actin cytoskeleton appears to play an important role
in controlling the SFs’ actin network and regulating SFs’ dif-
ferentiation and function10,11. Chondrogenesis is character-
ized by drastic changes in cell shape, from a ﬁbroblastoid to
a round or polygonal morphology, and this transition is
accompanied by changes of gene expression12. The ability
of TGF-b to modulate cell morphology and actin cytoskele-
ton in a variety of cell types has been previously reported13.
TGF-b can regulate cell morphology and growth in a con-
certed manner possibly via mechanisms that control the
actin cytoskeleton14. BMP-2 also signiﬁcantly altered osteo-
blastic cytoskeletal and extracellular matrix organization15,
whilst SOX-9 gene is essential for chondrogenesis16.
The purpose of the present work is to detect the changes
in the SFs’ actin cytoskeleton treated with different hydro-
static pressures (HPs), and the subsequent production of
BMP-2, TGF-b and SOX-9 in SFs of rat temporomandibular
joint (TMJ).MethodsRAT SFSPrimary cultures of rat SFs were conducted according to
a described procedure with minor modiﬁcations17. Brieﬂy,
the double condyles of 3 month old SpragueeDawley rats
(w200 g, obtained from the Zhejiang Center of Laboratory
Animals, China) were excised. Surface parts of synovial tis-
sues were isolated from TMJ of rats, followed by washing
42 M.-J. Wu et al.: Cytoskeleton in pressurized synovioblastextensively with phosphate-buffered saline (PBS), then
minced into 1 mm3 pieces and plated onto tissue culture
dishes with medium consisting of Dulbecco’s modiﬁed
Eagle medium (DMEM) (Gibco, NY, USA) supplemented
with 4 mM L-glutamine (Irvine Scientiﬁc, Santa Ana, CA,
USA), antibiotics (100 unit/mL penicillin, SigmaeAldrich,
St. Louis, MO, USA and 50 mg/ml Gentamicin, Invitrogen
Life Technologies, Carlsbad, CA, USA), and 15% heat-
inactivated fetal calf serum (Gibco, NY, USA). When growth
from the explants had reached conﬂuence, SFs were trypsi-
nized and subcultured under similar conditions, and were
used between passages 3 and 6. SFs were conﬁrmed by
immunocytochemical staining to detect marker proteins
CD68 and vimentin, which are macrophage marker and ﬁ-
broblasts’ marker, respectively18,19.APPLICATION OF HPHP was applied to monolayer of SFs by an in-house de-
signed computer-controlled pressure chamber (Fig. 1), which
was manufactured by SASPG Medical Equipment Factory
(Sichuan Province, China). The apparatus used in this study
is designed according to description of Smith and Yamamoto
et al. with a minor modiﬁcation20,21, which allows sterile ma-
nipulation and can apply up to 150 kPa of HP to cultured cells
at a constant level and temperature. SFs were seeded onto
the culture dishes at a concentration of 2 106 cells/dish.
When the cells reached 70% conﬂuence following approxi-
mately 4 days of culture, the culture dishes were transferred
to a columned stainless-steel vessel. The vessel was then
placed in the cell-culture incubator. HP was applied at
levels of 30, 60, and 90 kPa for 12 h. The gas phase of the
chamber was maintained at a pressure of scheduled magni-
tude by continuously infusing a compressed mixed gas
(O2:N2:CO2¼ 7.0%:91.3%:1.7%)22. Our preliminary experi-
ments have conﬁrmed that the pHof theDMEMwas constant
at 7.4 and the temperature was maintained at 37C before
and after the experiment. Cells seeded in tissue culture
dish and placed in the same apparatus under the same con-
ditionswereusedasnon-pressurized controls. All specimens
were harvested after 12 h of incubation.Fig. 1. Illustration of the pressurized chamber, which can control
stable ﬂow of a ﬁltered air/CO2 mixture.3-(4,5-DIMETHYTHIAZOL-2-YL)2,5-DIPHENYLTETRAZOLIUM
BROMIDE (MTT) ASSAYSFs (1 105 cells/mL, 0.2 mL) were grown in 96-well
plates and incubated for 12 h either in normal condition
(0 kPa) or with different pressures (30, 60, 90 kPa). The
treated cells were washed with PBS twice, and 100 mL of
fresh medium and 10 mL colorimetric assay using MTT re-
agent (Sigma,USA), were used to detect their growth activity,
and 5 mg/mLMTTwas added into each well for further 3 h in-
cubation. After centrifugation at 1000 rpm for 5 min, the su-
pernatant was removed and 150 mL of dimethyl sulphoxide
(DMSO, Sigma, USA) added into the wells. MTT crystals
were completely solubilized after 10 min and the optical
density (OD) value was then determined at 490 nm by
a Bio-Rad enzyme immunoassay reader (Bio-Rad, USA).
The percentage of SFs’ proliferation was calculated as
follows: cell proliferation rate (%)¼ 100 (cell number in
pressurized well/cell number in the control well).ACTIN STAINING AND IMMUNOFLUORESCENCESFs seeded on slide glass with density of 1 105 cells/
cm2 were treated with different HPs according to the proto-
col mentioned above. Cells were rinsed in PBS, ﬁxed in 4%
PBS-buffered paraformaldehyde for 30 min, permeabilized
with 0.5% Triton X-100 (Sigma, St. Louis, MO, USA),
blocked with 6% fetal bovine serum (Shanghai Sangon
Biological Engineering Technology & Services Co, Shang-
hai, China), and incubated with 2 U/mL rhodamine phalloi-
din (Sigma, USA) for 40 min, 5 mg/mL propidium iodide
(Sigma, USA) for 10 min. Fluorescence was examined
with a ﬂuorescent microscope (Olympus CX-RFL-2, Japan).IMMUNOCYTOCHEMICAL DETECTION FOR
TGF-b, BMP-2 AND SOX-9The treated and control cells were washed twice with
PBS. Then, cells were ﬁxed in 4% PBS-buffered parafor-
maldehyde for 30 min before being washed twice by PBS
and were soaked in 0.5% Triton X-100 for 20 min at room
temperature. After incubation with 0.5% H2O2 in methanol
for 10 min and with goat serum for another 10 min, cells
were exposed overnight at 4C to the following primary an-
tibodies against neuroﬁlament (TGF-b (1:50), BMP-2 (1:50),
Maxim, Fujian, China, and SOX-9 (1:50), Santa Cruz, CA,
USA). The cultures were incubated with secondary anti-
bodies for 1 h at 37C, 500 mg/mL 3,30-diaminobenzidine
tetrahydrochloride (DAB, Sigma, USA) was used as the
substrate for visualization.WESTERN BLOTProteins extracted from pressurized SFs and untreated
control were quantiﬁed by the modiﬁed Lowry method23.
Discontinuous SDS-PAGE was performed using a Bio-
Rad mini-protein II electrophoresis, and transferred into
polyvinylidene diﬂuoride membrane (PVDF, Amersham
Pharmacia Biotech, Piscataway, NJ, USA). Protein extract
(50 mg) was electrophoresed and electroblotted onto sup-
ported nitrocellulose membranes. Blots were blocked (2 h)
with 5% non-fat dry milk in tris-buffered saline (TBS) at
room temperature and then incubated overnight at 4C
with antibody against TGF-b (1:200), BMP-2 (1:200) and
SOX-9 (1:200) (Santa Cruz, CA, USA) diluted in blocking
buffer. Blots were incubated with horseradish peroxidase
conjugated secondary anti-rabbit antiserum (Santa Cruz,
Fig. 2. The conﬁguration of SFs was observed under microscope. (A) The primary SFs were observed under phase-contrast microscope
(200). The cultured SFs show almost exclusively spindle-shaped, ﬁbroblastic morphology. (B) All cells were negative for macrophage
marker. (C) All cells were positive for vimentin (100).
43Osteoarthritis and Cartilage Vol. 16, No. 1CA, USA) diluted 1:5000 in TBS. After several washes with
0.1% TBSeTween 20, immunoreactive proteins were visu-
alized with an enhanced chemiluminescent (ECL) and cap-
tured on an X-ray ﬁlm. Protein levels were quantitated using
Biosense 300 software (Oberhaching, Germany).STATISTICS ANALYSISA two-factor ANOVA with replication was used to com-
pare all results. Data were considered signiﬁcant when
P< 0.05.ResultsCHARACTERISTICS OF SFsA typical ﬁgure of SFs under the light microscope is
shown in Fig. 2(A). They were found to proliferate with a ﬁ-
broblastic character, whilst no spontaneous changes in
shape were found even in repeated culture. When grown
to conﬂuence, the cells looked spindly and polygonal. To
conﬁrm the purity of isolated SFs, immunocytochemical
staining was used to detect their expression of CD68, which
is a macrophage marker. As shown in Fig. 2(B), all cells
were negative for CD68. Moreover, they were all positive
for vimentin, a ﬁbroblasts’ marker [Fig. 2(C)].CELL VIABILITYAfter loading different levels of HPs ranging from 30 to
90 kPa, the proliferation rates of pressurized cells were
96.5% 4.5 (30 kPa), 95.8% 3.2 (60 kPa), and
94.4% 5.6 (90 kPa) (n¼ 4) (Table I). Though the prolifer-
ation rates in HP treated groups were lower than 100%,
there were no statistical differences on comparison of cells
in normal condition (P> 0.05). Results of multiple compari-
sons also showed no signiﬁcant difference when SFs were
exposed to different HPs.OBSERVATION OF FILAMENTOUS ACTIN DISTRIBUTION IN SFsTable I
Cell viability of the pressurized SF*
HP (kPa)
0 30 60 90
Proliferation rate (%) 100 96.5 4.5 95.8 3.2 94.4 5.6
*Difference with normal cells, mean S.E.M. *P< 0.05 vs control.The ﬁbroblast microﬁlamentous actin (F-actin) in SFs
were observed after exposure to different HPs (Fig. 3). As
shown in Fig. 3(A), F-actin ﬁlaments revealed numerous
protrusions between cells that were arranged regularly in
control cells. However, in all pressurized cases, the cells
were elongated and displayed more intense F-actin stress
ﬁber staining. F-actin staining also increased along the
cell borders [Fig. 3(BeD)].IMMUNOCYTOCHEMICAL STUDY OF
TGF-b, BMP-2 AND SOX-9 IN SFsImmunocytochemical staining images of the control or
pressurized SFs are shown in Figs. 4 and 5. Figure 4 clearly
showed that TGF-b and BMP-2 were weakly stained in SFs
under normal condition [Fig. 4(A)], whereas they were
strongly stained in SFs treated by HPs [Fig. 4(B,C)]. These
results indicated that HP could improve the proliferation of
SFs. But it changed inconspicuously along with the magni-
tude of the pressure. In contrast, there is discernible change
of SOX-9 production under different HP loading. The stain-
ing of SOX-9 in SFs with 60 kPa [Fig. 5(B)] is much higher
than that with 90 kPa [Fig. 5(C)], indicating a decrease of
SOX-9 production with increasing HP. This was further sup-
ported by data of western blot analysis.CHANGE OF TGF-b, BMP-2 AND SOX-9 IN SFs UNDER HPThe production of TGF-b, BMP-2 and SOX-9 in SFs was
assayed by western blotting. The results of gray scale anal-
ysis suggested that the production of TGF-b and BMP-2 in-
creased when the SFs under HP than under unloading HP,
but the extent was not visible on applying different HPs. On
the other hand, the production of SOX-9 at 30 kPa HP grad-
ually increased when compared to the control group. The in-
crease was signiﬁcant at 60 kPa. However, at 90 kPa, the
production decreased (Fig. 6).
Discussion
In connective tissues such as articular cartilage, there is
a relationship between mechanical factors and tissue be-
havior24. It is widely accepted that joint loading is an essen-
tial requirement for the maintenance of normal composition
of articular cartilage25,26. Although the pathogenesis of
TMD is still unknown, the biomechanical forces the articular
cartilage is exposed to potentially play a crucial role in the
initiation of TMD. The loading modalities within the cartilage
Fig. 3. Immunoﬂuorescence image for F-actin distribution in SFs under ﬂuorescent microscope (200). (A) Normal SFs (0 kPa). The F-actin
ﬁlaments reveal numerous protrusions between cells that are arranged regularly. (B) The SFs that suffered 30 kPa HP were observed to be
elongate. (C) SFs that suffered 60 kPa HP were clearly apparently ﬁssiparous and proliferated in the ﬂat loose network. (D) SFs were
observed to be transﬁgured after suffering 90 kPa HP.
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stresses, strains, pressure, and ﬂuid ﬂow and so on. In ad-
dition, common explant loading conﬁgurations (unconﬁned
compression, semi-conﬁned compression, HP), control
conditions (displacement, force, or pressure control) and
loading proﬁles (static or intermittent with a consideration
of recovery periods)27 were often involved in many mechan-
ical studies in vitro.
Each of various types of loading conditions just mimics
some aspects of the in vivo environment. The magnitude of
compressive pressure correlates with regions of cartilage27.
Continuous HP inhibits chondrocytes from synthesizing and
secreting proteoglycan, reduces the steady-state level of
aggrecan mRNA, alters the shape of the Golgi apparatus,
and inhibits the stress ﬁber organization ofmicroﬁlaments28e31.Fig. 4. Comparison of TGF-b and BMP-2 in pressurized SFs and untreate
positive signal in the prominency of polygonal cells, whilst in the surround
istry of the control SFs. (B) Immunocytochemistry of TGF-b in treated
(90 kPaIt is apparent that cells from different regions respond differ-
ently to the same HP levels32. Alternation induced by HP in
SFs, another kind of important cell that exists in the joint
cavity, was also worthy of being highlighted. There is a quan-
titative relationship between trans-synovial ﬂow and intra-
articular HP33. HP can produce many intracellular signals
and does not simply up- or down-regulate protein synthe-
sis34. These ﬁndingspromptedus to investigate the response
of SFs to varying HP. Moreover, in vitro studies conﬁrm that
SFs respond to both HP and shear stress35,36. In our study,
we focus on the response of SFs to HP.
When disc displacement happened in TMJ, the cartilage
faced the progression of degeneration. However, the
mandibular condyle and bilaminar zone were detected to
take on the characteristic of remodeling when exposed tod control by immunocytochemical staining (100). They have less
ing of cytoblast brown granule was evident. (A) Immunocytochem-
SFs (90 kPa). (C) Immunocytochemistry of BMP-2 in treated SFs
).
Fig. 5. Comparison of SOX-9 in pressurized SFs and untreated control by immunocytochemical staining (100). (A) Immunocytochemistry of
SOX-9 in treated SFs (30 kPa). (B) Immunocytochemistry of SOX-9 in treated SFs (60 kPa). (C) Immunocytochemistry of SOX-9 in treated
SFs (90 kPa).
45Osteoarthritis and Cartilage Vol. 16, No. 1the appropriate pressure in our former animal experi-
ments37,38. It implies that HP is likely an inductive factor
of a compensatory mechanism in adaptive changes of
TMJ, and then serves to maintain the overall functional in-
tegrity of joint system39. When the condyle of TMJ applies
mechanics loading, the pressure of the joint cavity would
change40. Being one of the mechanical forces, HP might
be expected to serve as a stimulus for maintaining the sta-
bility of joint cavity, and high HP could interfere with cell
architecture and cell division, affecting membrane ﬂuidity
and structure of the cell wall and several intracellular
organelles41.
In a previous study, some biological processes of SFs
were different from the condition of unloading after loadingFig. 6. Western blotting analysis data of TGF-b, BMP-2 and SOX-9.
(A) BMP-2. (B) SOX-9. (C) TGF-b. (D) GAPDH (1, control;
2, 30 kPa; 3, 60 kPa; 4, 90 kPa). (E) Histogram of three different
protein productions in control, 30, 60 and 90 kPa (% to control).
*P< 0.05, **P< 0.01 vs control.different HPs. The appearance of SFs was visibly different
between loading and unloading HPs. F-actin is present in
ﬁbroblasts as a ubiquitous cytoskeletal microﬁlament42,
and SFs line a joint cavity at normal condition43. Thus, we
suggest the existence of certain relationship between HP
gradient and actin cytoskeletons. It hints that SFs could
self-regulate to try to maintain the structure and function
of every component with varying HP.
HP seems to act in a modulating way in inducing the
function of some proteins. The production of TGF-b and
BMP-2 was unregulated in a strength-dependent manner,
whereas the production of SOX-9 increased from 0 to
60 kPa, then decreased in at 90 kPa. Increase of TGF-b and
BMP-2 demonstrated a strong osteo-inductive capacity
within the mechanical pressure44,45. The metabolism in
synovium tissue became faster, and a new balance fol-
lowed46,47. SOX-9 was a sensitive regulator of articular car-
tilage tissue engineering48 and an early marker for
chondrogenesis49. It may be considered that high HP as
much as 10 MPa would restrain the production of SOX-9,
and then slowed down the formation of cartilage and
bone. Its production changed with lower levels of pressure
as observed in our results.
The mechanical environment of SFs can be reproduced
in vitro by direct compression of the articular surface of car-
tilage50. The details that pressure could modulate various
interactions and execute the destruction of cartilage and
bone in patients with rheumatoid arthritis have been con-
ﬁrmed51. When condyle is damniﬁed by trauma or degener-
ative arthritis, the complete repair of damaged cartilage is
highly problematic mostly due to avascularity and low
cellularity21.
Currently, the reconstitution of damaged cartilage is
achieved by injection of growth factors attached to biode-
gradable matrices, tissue transplantation and cellular
engraftment52,53. The increased pressure in the joint may
be an important pathogenetic factor in the experiment.
Although suitability of TGF-b and BMP-2 for the treatment
of TMJ arthritis has not been conﬁrmed, it can be specu-
lated that the injection of TGF-b and BMP-2 in combination
with pumping manipulation would be effective for the treat-
ment of TMJ arthritis and other arthritides54. And SOX-9
would be a valuable parameter of cartilage regeneration.
Future direction will focus on the application of tension or
compression stress with varying magnitudes to cultured
SFs and on the comparison of the results with the present
ﬁndings. The aim is to further examine the mechanism of
remodeling of TMJ and provide the biological basis for
therapy to TMDs.
46 M.-J. Wu et al.: Cytoskeleton in pressurized synovioblastIn conclusion, it is shown that HP could impact on the
change of cytoskeleton of SFs, and by HP, the production
of TGF-b, BMP-2 and SOX-9 could involve in regulating
the pathological procession of the TMD.Acknowledgments
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